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Spatial variability in egg volume was investigated for anchovy, sardine and round herring 
in the southern Benguela in 1998, 2000 and 200 l. The relationship between sea surface 
temperature (SST) and egg volume was determined and the parental condition hypothesis 
was investigated through the relationships of adult size and condition with egg volume. 
General linear models for each species were used to determine the factors that were 
significantly related to egg volume at the scale of sample collection. Visual interpretation 
of the effects of adult size and condition on egg volumes was done on a large scale. 
Spatial variability in egg volume occurred for all three species (p:S=0.00 1), related to 
differing factors for each species for each of the years. Spatial variability in round herring 
egg volume could not be related to any of the measured factors for any of the three years. 
Anchovy egg volumes in 1998 and 2000 were related to SST but not in 2001. Sardine 
eggs from Continuous Underway Fish Egg Sampler samples were larger than those from 
California Vertical Egg Tow net (CaIVET) samples. Sardine CalVET sampled egg 
volumes were not related to SST, adult size or adult condition. The high variability of key 
processes in the southern Benguela at small scales of space and time to some extent 












Egg quality can be generally defined as the egg's potential to produce viable fry 
(Kj0rsvik et al 1990), and it can be one of the causes of variability in recruitment. If egg 
quality is poor the survival potential of the hatched larva decreases, thereby impacting 
reproductive success. Adult body condition appears to affect egg quality, and according 
to the "parental condition" hypothesis, large females and females in good condition, i.e. 
with large lipid reserves, will produce larger eggs than those in poor condition (Palumbi 
2004). 
In addition to spawner condition, environmental conditions like temperature and food 
availability can affect egg size and batch fecundity (Funamoto and Aoki 2002, 
Mukhametova 2004). Riveiro et al. (2004) observed two parental strategies over the 
spawning period of the European sardine, Sardina pilchardus and concluded that sardine 
employ a parental strategy that adapts the organic content of eggs to the evolution of the 
temperature in the area during the spawning period. Eggs of high organic content were 
produced in the coldest months and were therefore bigger than those produced in warm 
months (Riveiro et al. 2004). It was also found that egg size decreased as the spawning 
season progressed and the quantity of available food increased (Riveiro et al. 2004). 
Similar results were found by Castro (2004) for anchovy off the Chilean coast, i.e. egg 
size tended to decrease with the progression of the spawning season. The same results 











rile reproducti ve potent ia l of p<: lag ic fish populations, like other fish populations, have 
gen~rally been assessed lIsing- spu'vning ,lock biomass and egg quantities/ recundi!) 
(SolemdaI1997J, llowever, recent research in the Far Fast, >l"orway, Chile and Spain has 
1I1lls1ralcd the inllLlCncc oLpu\'ncr wnci ilion and age/size on egg qua lity and fecundit), 
where fish in hetter condition produce hetter and/o r more eggs. therehy affecting the 
viabi lity of tile offspring (\lorimoto [996, Solcmdal 1'197, Rivciro e/ al. 2(04) (Fig-ure 
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figure 1: Population size structure and tOlal egg production in a hypothetical ul1fished 
fish population (Bohmack [990) 
The recumlil) 0 (' [arg-e fi sh and the LLll proved viabi [it y of thcir othpring have Lm p[ications 
lor fisheries managclnent. cs [:tCcially with rcgard to closed sea"",s and closed areaS althe 
time o('the 'pa\'ning- season. The ~urrcm minLlnLLm size limits. implcmcntcd using mesh 
size restrictions for the pelagic fishery. protect those fish contributing little to 
recrui tment . whereas o ld. large and "good condition" fema le, are targeted. Fishing not 











the age and size structure of f,sI, popLlbtion' und often results ill localized depiction> 
(Berkele:~i c/ al. 2004) (F igure 2). 
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Figure 2: Hypolhe,i,ed erre~ts of intense Jishing on populat ion sil.~ and 101a1 egg 
production (Bohnsack 19'XJ). 
Fishing can decreaSe peaks of abundallce alld prolong tilnes of low abundance. possibly 
preveming a period of potentia l high abundance (Hukhings e/ al. 2000). One of (he 
ecological j"ucs I<)r the small pclagLcs fi,h"ry in South Africa is the r~cruitmcnt 
probktn. for which one of the indicato," is condit ion of adu lts (Shannon c/ al. 2006). 
Pelagic' f" h specie> arc commerciall y important and the South African pelagic lishery is 
th~ lar~esl by m3SS 01" lish I~ndcd although il h~s a lo\\'~r economic valuc lhun the 
dem~r~a l trawl fishery due to ihe low unit value (Boolh and Hecht 20001. Anchovj' 
(Engrau/is ~ncrasicolu,), sardine (Surdinops sa.s:,'ax) and th~ round herring (Eit'llmeus 
whiteheadi) arc the three mo~t important 'pecie, caught and landed by pelagic \'e."e ls 











Historically, sardine was the dominant fish harvested and processed by the cannmg 
industry, but since 1966 anchovy has been the dominant species landed and is primarily 
used for fishmeal and oil (Booth and Hecht 2000). Anchovy remains the largest 
component of the pelagic fishery, followed by sardine and round herring (Griffiths et al. 
2004). The anchovy and sardine stocks are considered to be fully utilised (Bergh and 
Butterworth 1987, Butterworth et al. 1993), but round herring is considered to be under-
utilised (Roel and Armstrong 1992). 
In addition to fisheries implications, pelagic fish specIes are ecologically important. 
Sardine-anchovy systems have been called "wasp-waist" ecosystems by Bakun (1996). 
This is because they prey on a high diversity of planktonic organisms and are preyed 
upon by a large number of predators. As Schwartzlose et al. (1999) explain, transfer of 
energy from plankton to predators is mainly through a few species of forage fish thereby 
forming a wasp-waist in terms of species diversity. Therefore changes in relative 
abundance of the forage fish influences species at both lower (food) and higher (predator) 
trophic levels. 
Recruitment variability is believed to be important in determining overall variability of 
the pelagic fish stocks. Egg and larval viability could play a role in determining 
recruitment and this study aimed to investigate links between egg size (as a proxy for egg 
quality) and biotic and abiotic factors. Sardine eggs have a wide perivitelline space 
between the chorion and yolk. Therefore a relationship between egg volume, yolk volume 
and oil globule volume was assessed to determine whether egg volume measurements 











globule. Egg volume has been shown to be inversely affected by SST elsewhere (Le Clus 
1992). In South Africa, SST increases from west to east along the South African 
coastline. The warm Agulhas Current occurs off the east coast and wind-driven coastal 
upwelling results in cold temperatures on the west coast. This relationship was 
investigated for anchovy, sardine and round herring eggs sampled along the South 
African coast in 1998, 2000 and 200 I. In addition to abiotic influences, adult size and 
condition have been shown to influence egg volume, where an increase in adult size and 
lipid content results in bigger better eggs being spawned (Funamoto and Aoki 2002, 
Llanos-Riviera and Castro 2004, Palumbi 2004, Berkely et al. 2004, Kalmer 2005 and 
Llanos-Riviera and Castro 2006); this is known as the "parental condition hypotheis. In 
South Africa, fish size (Barange et al. 1999), and condition vary spatially for both 
anchovy (van der Lingen and Hutchings 2005), and sardine (van der Lingen et al. 2006) 
with a movement east as they get bigger and improve in condition. Adult size and lipid 
content results in bigger, better eggs being spawned. The "parental condition" hypothesis 
was tested for anchovy and sardine to determine whether it can be supported by data 
collected from the southern Benguela on egg volume and adult size and condition. An 
objective of this study was to determine the effects that the eastward shift with fish age 
(and thus size) had on egg volume in 1998, 2000 and 2001. 
3. Materials and Methods 
Factors affecting spatial variability in egg volume of round herring, anchovy and sardine 
in the southern Benguela were investigated for 1998, 2000 and 2001. The egg samples 











Novemberi Decem ber 199R, :!OOO and 2(){) 1 by the Depanment of Environmcntal t\ITairs 
ami Touri,m (DEAT), branch \hrillc and Coaslal Manag~r~nt (MCM) on hoard FRS 
Al"ou and I'RS Ajriconu. rhc surveys arc designcd 10 coincidc with thc peak spa\\ning 
p"riod of anchovy, although sardin~ and round h~rring arc also known 10 'pal,n during 
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Figure 3. Map showillg lh~ arCa that \\as samplrd during thr annual spawner biomass 
survey In 19n. Th" dashcd linc indicates the 200m isobath, 
Egg ,ampks wrr~ C{)lIel'l~J using th" SarJillc California Vertical Egg Tow (Cal VET) net, 
which is hauled vcttically from 5m orr the nollom or from a d~plh of I()OIn "WI)' 5 or 10 
nautical miks (nmi) (van d~r Lingcn <'I al. 20(1). and tl->c Continuous l)"d~rway Fish 
Egg Sampb (CUFES). which sicv~s cggs Irom th~ water at varying interval, d~p~nding 
(Hl their anundan"~: O.13nmi al hLgh abundaLlcc and 4"mi at 10\\' abo.lndancc, Samples 











.,tudies 01] a!l<:hoveta egg., have r~ported no egg size 'hrillkage or shap<: changes with 
formal in preservatioll (Fishel', I ~58)) after which the eggs Were identified e>.traded in the 
laboratory U.,i llg " light micros~ope. The e>.traded eggs were coul1led and preserved in 
5% buffered formalin ill separate plastic vials for furth~'r analysis. 
rhe data collected at each Slat ion af the spawner biomass surveys cOllsisted of longitude 
and latitude co-ordinates and" sCa ,urf"<:e temperature (SST) for each egg sample 
Although each cruisc followcd a similar survcy track, the samples werc takcn at different 
positiollS each year. The SHmple> were "'siglled to O.5"~O.5" grids accordillg to their 
latitude al]d IOl]gitudc ~o-ordillates (Figure 4), and the grids werc uscd as a spatial 
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via the echo-sounder system. Adult samples were sub-sampled, identified, measured and 
weighed and each trawl sample was assigned to a grid (Figure 4). In each grid the 
proportions of big, average and small adults, was calculated, using the size classes in 
Table I. 
T bl 1 S· ( ) f a e lze cm o roun dh h ernng, anc ovy an d d· d I . sar me a u ts m eac h f three classes. 0 
Class Species 
Size Round Herring Anchovy Sardine 
Small 14.5-16.5cm 8.5-10.Ocm 15.5-17.0cm 
Average 16.6-19.5cm 10.1-12.0cm 17.1-20.0cm 
Big 19.6-22.0cm 12.1-14.5cm 20.1-22.0cm 
Fat stage data were obtained via visual assessment of mesenteric fat for anchovy and 
sardine from the biomass surveys of 1998, 2000 and 2001, but there were no fat stage 
data for round herring. The fat stage data (fat stages one to five) for anchovy were 
divided into three categories: Thin, Average and Fat (Table 2) and expressed as 
proportions of thin and fat adults in each grid. 
Table 2. Fat content (FS: Fat Stage and LLC: Log Lipid content (%WBM)) of anchovy 
and sardine adults in each of three classes. 
Fat Content Round Herring Anchovy Sardine 
Thin - FS 1 LLC 0-0.728 
Average - FS 2-4 LLC 0.729-1.911 
Fat - FS 5 LLC 1.912 + 
Sardine fat stage (fat stages one to seven) was converted to lipid content (expressed as % 
wet body mass, WBM), which is a better estimate of body lipid content than fat stage in 
sardine (van der Lingen and Hutchings 2005), using the following equation (Table 3) (de 











Lipid content (%WBM) = a(fatstagc) + b(fish mass(g)) +c(fat stage * fish mass) + d 
Equation A 
where a, b, c and d are parameters in the equation. 
Table 3: Parameter values used to convert fat stage and fish mass into body lipid content. 
Parameter value 
Fat stage a b c d 
1 -2.58 0.097 -0.080 3.23 
2 -2.46 0.097 -0.067 3.23 
.... -2.01 0.097 -0.040 3.23 .J 
4 -1.31 0.097 -0.035 3.23 
5 -0.42 0.097 -0.037 3.23 
6 -0.05 0.097 -0.012 3.23 
7 0.0 0.097 0.0 3.23 
Lipid content was log transformed and the proportions of Thin and Fat sardine adults was 
determined for each grid (Table 2). 
Sardine eggs that were obtained sampled using both the Cal VET net and CUFES from 
the 1998, 2000 and 2001 spawner biomass surveys were measured. Egg measurements 
were done by taking two diameter measurements perpendicular to each other using an 
ocular micrometer at 40x magnification. Volumes (mm3) were calculated using the 
formula for a sphere: 
v = 4nr 3 
3 
Equation B 
where r is the radius (mm), taken as the average of the two diameter measurements. 
The same procedure was followed for round herring eggs obtained from CalVET net 
samples. Samples had different numbers of eggs per station. For stations where there 











3130 Cal VET sampled sardine eggs were measured from 1998, 2000 and 2001 with the 
total number of stations being 279. For sardine, 148430 eggs were measured from 1137 
CUFES sampled stations, and for round herring, 1002 eggs were measured from 145 
stations. 
Egg diameter, oil globule diameter and yolk diameter were measured for 195 sardine 
eggs as described above. This sub-sample consisted of measurements from both survey 
and archived samples. Egg-, yolk- and oil globule volume were determined using 
Equation A. The three volumes were transformed using a logarithmic transformation and 
correlation tests were done to establish whether egg volumes were related to yolk 
volumes and oil globule volumes, using STA TISTICA 7 software (Statsoft Inc., 2004). 
Anchovy eggs from the 1998, 2000 and 2001 Cal VET net samples were measured by 
taking a length and width measurement for each, using an ocular micrometer at 40x 
magnification. 
The volumes (mm3) were determined using the formula for a prolate spheroid: 
4Jr"""'-V = 2 2 2 
3 
Equation C 
where a is the length (mm), b is the width (mm) and c is the depth (mm), and c (not 
measured) is assumed to be equal to b (measured). 












To assess large-scale pattern, the log egg volumes for the three species were plotted on 
maps and overlaid with SST data and the proportions of Small and Big fish. The same 
was done for proportions of Thin and Fat fish for anchovy and sardine, where the sizes of 
the circles represented the proportion of adults in that category. These analyses were done 
using Surfer 8 software (Golden Software, Inc., 2002). 
General linear models (GLMs) were used to determine which factors were related to egg 
volume, using STATISTICA 7 software. All GLMs were constructed using Type VI 
(unique) sums of squares. Residuals were visually checked to ensure that the assumption 
of normality was satisfied. Egg volumes were transformed (log (EV)) using a log 
transformation to normalise the residuals. Explanatory variables were Grid number, Gear 
(in the case of sardine), and Year as categorical variables and SST as the only continuous 
variable. Two way interactions were included in the models. The GLMs for each of the 
species were: 
Round Herring 
Log(EV (mm3))= ~ + Grid + year + ~I SST + Grid*SST + Year*SST +Grid*Year+E 
Equation D 
Anchovy 
Log(EV(mm3))= ~ + Grid + year + ~ISST + Grid*SST+Year*SST +Grid*Year+E 
Equation E 
Sardine 












where E is the error term. 
Because I was interested in the Grid*Year interaction, only those grids in which eggs 
occurred in all three years were used in the analysis (Figure 6). The adjusted R2 and p 
values were noted for each GLM in addition to all main and interaction effects. In 
addition post-hoc analyses (Tukey tests) were done to show which levels of the various 
factors were significantly different. 
4. Results 
SSTs for the whole survey showed the coldest waters were on the west coast, and 
warmest offshore of Mossel Bay and Port Elizabeth in 1998 (Figure 5a). In 2000 a similar 
pattern occurred, when the coldest waters occurred on the west coast and increased in 
temperature offshore in a south-easterly direction, with the highest temperatures 
occurring offshore between Mossel Bay and Port Elizabeth (Figure 5b). In addition, in 
2000 a cool ridge of cold water extended over the Agulhas Bank in a south-westerly 
direction from mid-way between Cape Agulhas and Mossel Bay (Figure 5b). The SSTs 
for 200 I followed the same pattern as 2000, except that the cold ridge was a warm ridge 
because the surrounding waters being cooler (Figure 5c). 
4.1 Round Herring 
In 1998, log egg volume for round herring was lowest over the central and eastern 
Agulhas Bank increasing offshore (Figure 6a). The largest eggs were found on the 
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direction, and Port Elizabeth, in a south westerly direction (Figure 6a). In 2000 the 
biggest eggs were found on the west coast, south west of Cape Town, south of Mossel 
Bay and over the offshore areas of the Agulhas Bank (Figure 6b). The smallest eggs were 
found inshore mid-way between Mossel Bay and Port Elizabeth (Figure 6b). In 200 I the 
biggest eggs were found west of Cape Town and the smallest again south of 
approximately mid-way between Mossel Bay and Port Elizabeth, thereby decreasing from 
west to east (Figure 6c). 
In 1998 small round herring adults were found along the whole coastline, with increased 
abundance inshore on the west and south western coasts (Figure 6a). Both small and big 
adults were found along the whole coastline in 2000 but occurred closer inshore, with 
fewer occurring between Mossel Bay and Port Elizabeth (Figure 6b). 
In addition, their distribution didn't extend as far beyond Port Elizabeth as it did in 1998 
and adults appeared to occur on the cold ridge with only one area where the proportion of 
big adults was greater than that of small adults (Figure 6b). The distribution for 2001 on 
the west coast is similar to that of 1998 and extended to a similar eastern point as 2000 
(Figure 6c). There were, however, more adults over the central and eastern Agulhas Bank 
in 2001 with the highest proportion of big adults occurring mid-way between Mossel Bay 
and Port Elizabeth (Figure 6c). Although the largest proportion of big adults occurred in 
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Round herring eggs were smallest in 1998. Eggs on the west coast increased in size from 
1998 to 2001 and decreased in size on the eastern south coast. There was an increase in 
the distribution of small adults from 1998 to 2001, as well as a decrease in the western 
and eastern extent. 
The GLM for round herring explained 36% of the variability in egg volume, where egg 
volumes differed significantly among areas but not among years or with SST (Table 4). 
Egg volume in one grid, 109, was significantly lower than those in grids B03 and B04 
(Figure 7a). Egg volume decreased from west to east with a patchy but extensive 
distribution, stretching from the west coast to the eastern south coast for all three years 
(Figure 7a). 
Table 4. General Linear Model results for Round Herring (Adjusted R2=0.30) showing 
the contributions of the different variables to determining egg volume. 
Factor df F % Var p 
Intercept 1 0.729 0.394 
Grid 8 2.679 3.90 0.007 
SST 1 0.763 0.14 0.383 
Year 2 1.641 0.60 0.195 
Gear - - - -
Grid*SST 8 2.675 3.90 0.007 
Year*SST 2 1.438 0.52 0.239 
Grid*Year 16 4.048 11.80 <0.001 
Model 37 36.65 <0.001 
Error 348 63.35 
Total 385 
The main interaction effects are shown, together with univariate statistics of the parameter values. 
R2 =R2 from test ofSS whole model vs. SS residual. 
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There was a significant Grid*SST effect that explained 3.90% of round herring egg 
volume variability (Table 4). SST increased from west to east for the grids in which eggs 
occurred for all three years (Figure 8a). 
4.2 Anchovy 
Anchovy eggs were largest mostly west of the middle of the central Agulhas Bank 
(Figure 9a and lOa). They were smallest mostly east of the middle of the central Agulhas 
Bank (Figure 9a and lOa). In 2000 there was a patchy distribution of egg volumes with 
the biggest eggs being found at the two extremes of the coverage, and the smallest eggs 
being found south of Mossel Bay (Figure 9b and lOb). The biggest anchovy eggs in 200 I 
were found inshore on the central Agulhas Bank and the smallest on the west coast 
(Figure 9c and 1 Oc). 
In 1998 small anchovy adults were in greater proportions than big adults inshore, but the 
reverse occurred offshore (Figure 9a) with the highest proportion of big adults occurring 
on the eastern Agulhas Bank (Figure 9a). In 2000 the distribution of anchovy adults 
extends further west than 1998 (Figure 9b). The western areas were dominated by greater 
proportions of small adults than large, which dominate from this point eastwards (Figure 
9b). In 2001 the adult distribution extended from the west coast to beyond Port Elizabeth, 
covering the majority of the area sampled from inshore to offshore (Figure 9c). The entire 
area except one grid, 112, had a higher proportion of small adults (Figure 9c), therefore 
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The largest proportions of thin anchovy were seen south of Mossel Bay with only three 
areas having a higher proportion of fat adults in 1998 (Figure 10a). The distribution of 
these adults appeared divided into a western and eastern distribution, both of which have 
the largest proportion of thin adults offshore and lowest inshore (Figure 10a). In 2000 
there was a more concentrated distribution than in 1998, with the majority of adults found 
on the western and central Agulhas Bank (Figure 1 Ob). As for 1998, only three areas had 
higher proportions of fat adults than thin adults, which in 2000 occurred in the eastern 
areas (Figure lOb). The distribution in 2001 extended from offshore on the west coast to 
east of Port Elizabeth, again dominated by thin adults (Figure 10c). Their distributions 
extended offshore, with fat fish only occurring at the extremes of the coverage (Figure 
IOc). 
Anchovy egg volume decreased between 2000 and 2001 with little, if any, change 
between 1998 and 2000. The smallest eggs were found in 2001 off the west coast. Adult 
distribution increased from 1998 to 2001. The distribution of adults shifted from furthest 
east in 1998 to further west in 2000 and back towards the east again in 2001. The 
proportions of thin and fat adults increased from 1998 to 2001. In 1998 few thin and/or 
fat adults occurred over the central Agulhas Bank, which was the area where there were 
increased proportions of both in 2000 and 200 I. 
The GLM for anchovy explained 15% of the variability in egg volume, where egg 
volumes differed significantly among areas (Table 5). Egg volume decreased from west 




















Table 5. General Linear Model results for Anchovy (Adjusted R2=0.15) showing the 
contributions of the different variables to determining egg volume. 
Factor df F %Var jJ 
Intercept 1 6.378 0.09 0.012 
Grid 13 6.045 1.17 <0.001 
SST 1 0.900 0.01 0.343 
Year 2 4.001 0.12 0.018 
Gear - - - -
Grid*SST 13 6.146 1.19 <0.001 
Year*SST 2 4.517 0.13 0.010 
Grid*Year 26 7.558 2.92 <0.001 
Model 57 18.534 15.72 <0.001 
Error 5666 84.28 
Total 5963 
The mam mteractlOn effects are shown, together WIth univariate statistics of the parameter values. 
R2 =R2 from test ofSS whole model vs. SS residual. 
df= degrees of freedom, F= .fratio, % Var.= % variance explained= 100 x SSeffec/SStot. 
Anchovy egg volume significantly differed among years (Table 5). The smallest mean 
egg volume occurred in 1998, whereas the largest occurred in 2000 and 2001 where 2001 
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Figure 11. Results of the GLM showing the differences in observed mean log egg volume 
between 1998, 2000 and 2001 for anchovy, with the 95% confidence intervals illustrated 
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4.3 Sardine 
Sardine egg vo lume and yo lk vo lume were positively related to each other (p<O ,OOL 
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patches (Figure 16c and 17c). The largest eggs were found extending from offshore on 
the west coast to inshore from Cape Town eastwards (Figure 16c and 17c). 
In 1998 small sardine adults occurred on the west coast and extended to east of Port 
Elizabeth with the greatest proportions occurring over the central and eastern Agulhas 
Banks (Figure 14a and 16a). Big adults had the same distribution as the small adults but 
were in higher proportions offshore in the western areas (Figures 14a and 16a). 
In 2000 adults were found from the northern west coast to east of Port Elizabeth with 
proportions of small adults being higher than those of big adults, mostly over the western 
Agulhas Bank (Figure 14b and 16b). Big adults were found in higher proportions over the 
central Agulhas Bank (Figure 14b and 16b). 
Sardine adults in 2001 were distributed from the northern west coast to east of Port 
Elizabeth with two concentrated groups, one in the western to central areas and the 
second in the central and eastern areas (Figures 14c and 16c). The proportion of large 
adults only exceeded that of the small adults in one area in the western concentration, and 
in four areas in the eastern concentration (Figures 14c and 16c). The proportion of thin 
adult sardines, i.e. low lipid content, exceeded that of fat sardines in all but one area, west 
of Port Elizabeth (Figures 15a and 17a). 
There was a concentration of sardine adults from Cape Agulhas up the west coast 
(Figures 15a and 17a). Thin and fat adults in 2000 were distributed over the central and 
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exceeded that of the fat adults with the largest proportion of fat adults occurring at the 
southernmost point of the Agulhas Bank (Figures 15b and 17b). In 2001 a similar 
distribution pattern to 2000 was seen but extended slightly further west and further east 
(Figures 15c and 17c). Numerous areas had higher proportions of fat adults than thin, and 
most were inshore in central to eastern areas (Figures 15c and 17c). 
Adult distributions for sardine extended furthest east in 1998 and furthest west in 2001. In 
addition, the proportions of adults and area of occurrence increased from 1998 to 2001. 
Thin and fat adult distributions extended furthest west and east in 1998, increasing in 
abundance and proportion from 1998 to 2001. Egg volumes were smallest and biggest in 
2001 for the CalVET volumes and largest in 1998 for the CUFES. 
The GLM for sardine explained 14% of the variability, showing that egg volumes 
differed significantly among areas for all three years (Table 6). Egg volume decreased 
from west to east over an extensive area stretching from the west coast to the eastern 
south coast (Figure 7c). 
Table 6. General Linear Model results for sardine (Adjusted R2=0.14) showing the 
contributions of the different variables to determining egg volume. 
Factor df F %Var p 
Intercept 1 2.393 0.013 0.122 
Grid 32 5.722 0.989 <0.001 
SST 1 6.844 0.037 0.009 
Year 2 14.661 0.158 <0.001 
Gear 1 40.285 0.218 <0.001 
Grid*SST 32 6.044 1.045 <0.001 
Year*SST 2 13.017 0.141 <0.001 
Grid*Year 64 13.204 4.566 <0.001 













The main interaction effects are shown, together with univariate statistics of the parameter values. 
Adj.R2 =Adjusted R2 from test ofSS whole model vs. SS residual. 
df= degrees of freedom, F= .fratio, % Var.= % variance explained= 100 x SSeffec/SStot. 
Sardine egg volume significantly differed among years (Table 6). The smallest mean egg 
volumes occurred in 1998 increasing to its highest in 2001 (Figure 18). Sardine egg 
volumes from samples measured using CUFES and Cal VET nets were different for Gear 
(Table 6), with Cal VET net samples having significantly smaller eggs than those sampled 
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Figure 18. Results of the GLM showing differences in observed mean log egg volume 
between 1998, 2000 and 2001 for sardine, with the 95% confidence intervals illustrated 











Figure 19. Least squared mean log volume for the different gears used to sample sardine 

















For sardine, SST explained very little of the variability in egg volume (0.037%) and 
increased from west to east for the grids in which eggs occurred for all three years 
(Figure 8c). There was a significant Year*SST effect on the sardine egg volumes where 
the mean decreased from 1998 to 2001. Sardine eggs occurred in a wider range of 
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Year 
Figure 20. Observed SST measurements for 1998, 2000 and 2001 in the grids where eggs 
occurred, illustrated by the open circles, for sardine, with the annual mean temperature 
illustrated by bold crosses. 
5. Discussion 
Recruitment variability is believed to be important in determining overall variability of 
pelagic fish stock strength. Egg and larval viability could play a role in determining 
recruitment. It has been shown that a parental effect is exerted on egg volume for pelagic 
species elsewhere (Hunter and Leong 1981, Pauly and Pullin 1988, Kj0rsvik et al 1990, 
Solemdal 1997, Funamoto and Aoki 2002, Riveiro et al. 2004, Mukhametova 2004, 
Rivera and Castro 2004, Kalmer, 2005). In South Africa, fish size (Barange et al. 1999) 











sardine (van der Lingen et al. 2006), with a movement east as they get bigger and 
improve in condition. In addition, sea surface temperature (SST) increases from west to 
east. As a result of these findings spatial variability in egg volume was investigated to 
determine links between egg size and biotic and abiotic factors. Simple relationships were 
not expected because the southern Benguela system is a dynamic, non-linear system. The 
main results relate to scale, spatial variability, adult size and or condition variability and 
SST. 
Sardine egg volume was confirmed to be correlated with yolk- and oil globule volume. 
These data showed large variability, which was probably the result of measurement error, 
as the oil globule, especially, was very small in comparison to the egg and yolk. A 
possible solution to the problem is to measure the egg, yolk and oil globule at a higher 
magnification. This was not possible for this study for technical reasons related to 
decreased precision, introduced by poor depth of field resolution, at high magnifications. 
Egg volume was confirmed to vary spatially, and was generally found to decrease from 
west to east for anchovy, round herring and sardine. A limiting factor in obtaining these 
results was the small number of grids that could be used in the analyses, particularly for 
round herring and anchovy. Only grids that contained eggs in all of the three years were 











5.1 Round Herring 
The null hypotheses that SST and year had no systematic relationships with egg volume 
were accepted for round herring; there was no effect of SST and no significant 
differences in egg volume among years. If egg volume decreases with an increase in 
temperature (Funamoto & Aoki 2002, Riveiro et af. 2004, Kamler 2005), then egg 
volume should decrease from west to east. In contrast, the smallest round herring eggs 
occurred on the Agulhas Bank in 1998, and egg volume did not vary with the observed 
temperature changes in 2000 and 2001. 
The largest round herring eggs for all three years were consistently found on the west 
coast and the smallest on the Agulhas Bank in 1998 and between Mossel Bay and Port 
Elizabeth in 2000 and 2001. Large proportions of small adults were found along the west 
coast for all three years, which would suggest that there might have been some mismatch 
between sampling of eggs and adults for round herring, or that adult size did not have a 
strong relationship with round herring egg volume in these three years. 
In 1998, zooplankton concentrations were very high offshore on the western Agulhas 
Bank, with dense swarms of copepods over most of the central Agulhas Bank (Coetzee et 
al. 1999). This would suggest that round herring egg volume should be higher in these 
regions if energy from food is allocated to reproduction i.e. to the eggs, which was not the 
case. There are three possible explanations for these results. First, the food available 
might not have been suitable for or available to round herring. Second, the history of 











environment In the spawning area. Finally, lipid content of round herring might 
determine egg size, as proposed by the parental condition hypothesis; the adult condition 
was not determined for round herring. Round herring distributions in 2000 and 2001 were 
dominated by small adults, which did not specifically coincide with either large or small 
eggs. The largest proportion of big adults in 2001 was found in an area of small eggs, 
which might suggest that very fecund large adults produce small eggs (Berkely et al. 
2004, Palumbi 2004), but the smallest eggs in 2000 were found in a similar area with a 
very small proportion of large adults. The presence of big adults in this area in 2001 may 
therefore be coincidence. Food availability was not described in 2000 and 2001. 
When large scale changes in round herring egg volumes over the three years are 
considered (Figure 12), the west coast showed an increase in volume from 1998 to 2001 
and the eastern south coast a decrease. Temperature on the west coast decreased from 
1998 to 2001 and increased on the eastern south coast. This suggests that temperature 
might have an inverse effect on egg volume at a larger scale than that considered in the 
GLMs. In addition, proportions of round herring adults and distribution of adults 
increased from 1998 to 2001, which could suggest that biomass increased from 1998 to 
2001. An increase in biomass could result in a decrease in food availability and 
consequently a decrease in fat content of adults. According to the parental condition 
hypothesis, this would result in a decrease in egg volume. The year with the lowest 
biomass was 2001 and the highest biomass occurred in 2000 (Coetzee et al. 2001), but 












SST had an inverse relationship with anchovy egg volume in 1998 and 2000, i.e. when 
SST decreased, egg volume increased. Similar findings were reported by Funamoto and 
Aoki (2002) for the Japanese anchovy (Engraulis japonicus) and Llanos-Riviera and 
Castro (2004 & 2006) for the Chilean anchovy (Engraulis ringens). Large eggs are 
expected to have more reserves, which are required in cold water because of the increased 
time of development required before hatching (Llanos-Riviera and Castro 2004). 
Anchovy adult condition is estimated well via visual assessment of mesenteric fat, and is 
allocated to one of five fat stages for each individual (van der Lingen and Hutchings 
2005). Adult condition appeared to have little or relationship with anchovy egg volume 
(Figure 14). Most of the big eggs occurred in proximity to small adults and small eggs 
were found near big adults (Figure 13). Large fish produce more eggs than do small fish 
(Berkely et al. 2004, Palumbi 2004), which might explain why the area of small eggs is 
larger than expected in comparison to the proportion of large fish. 
In 2001, anchovy egg volume was not related to SST, adult size or fat stage. Anchovy 
eggs were smallest on the west coast and the Agulhas Bank and largest south west of 
Cape Agulhas. Neither areas of big or small eggs were dominated by either big or small 
adults or fat or thin adults. It would be expected that areas containing the smallest eggs 
would be in the proximity of big and/or thin adults and areas with the biggest eggs in the 
proximity of small and/or fat adults (Funamoto and Aoki 2002, Llanos-Riviera and 
Castro 2004, Palumbi 2004, Berkely et al. 2004, Kalmer 2005 and Llanos-Riviera and 










for both the areas in question were nearly identical. Adults were numerous, but most of 
the adults were small and thin so food may have been an important factor in determining 
egg size (Hunter and Leong 1981). 
At a larger scale, anchovy egg volumes showed little change between 1998 and 2000 but 
showed a large decrease from 2000 to 2001. SST decreased from 1998 to 2001, and 
appeared to influence egg volume in those years but not in 2000. There was a large 
increase in anchovy biomass from 1998 to 2000 (Coetzee et al. 2006), which suggests 
favourable conditions in 2000 that might be expected to produce good condition eggs. By 
200 I, density dependent effects on food availability might have been important, 
decreasing egg volume and accounting for the differences between the years 2000 and 
2001. 
5.3 Sardine 
At a small spatial scale SST has a significant positive relationship with sardine egg 
volume which is contrary to what has been reported in the literature, but this may be due 
to fat large adults occurring in warmer waters. However on a larger scale in 1998, 2000 
and 2001, there was no relationship between sardine egg volumes from CalVET samples 
and SST, adult size or condition. SST, adult size and adult condition showed no direct 
relationships with the egg volumes due to the smallest eggs occurring in cold and warm 











General trends in sardine egg volumes showed a large change between 1998 and 2000 
and little increase from 2000 to 2001. SST decreased from 1998 to 2001, and appeared to 
influence egg volume in all three years. This is supported by the literature, where 
increases in temperature have been shown to result in decreases in egg volume for other 
sardine species (Pauly and Pullin 1988, Le Clus and Malan 1995, and Kalmer 2005). 
There was a large increase in sardine biomass from 1998 to 2000 (Coetzee et al. 2006), 
which suggests favourable conditions in 2000 that might be expected to produce good 
condition eggs. By 2001, density-dependent effects on food availability might have been 
important (van der Lingen et. al. 2006), slowing the increase in egg volume and 
accounting for the minimal differences between the years 2000 and 2001. 
The above sardine results are for the eggs sampled by the Cal VET nets, which were 
significantly smaller than the eggs sampled by the CUFES. The probable reason for the 
difference in egg volumes was buoyancy, which is a function of egg size. Large eggs 
should rise to the surface faster than small eggs. The CUFES was sampling at a shallow 
depth of 6m and should be biased toward large eggs, whereas the Cal VET net samples 
vertically from 100m to the surface, providing a representative sample of all size eggs, 
but decreasing the mean volume when compared with CUFES samples. The CUFES 
increases the spatial resolution of sardine egg distributions, which are very patchy (Lo et 
al. 200 I) and samples many more sardine eggs. Even though more eggs were sampled by 
the CUFES, which should result in a more representative result, there is a clear bias 
illustrated by the results. Therefore no attempt was made to establish relationships 











Assumptions in this study were made for numerous factors. SST is the temperature taken 
at 6m throughout the study. Therefore the temperature at which most eggs were spawned 
is not the temperature at hull depth, and could be much cooler. Sampling occurred from 
west to east over a period of 4 to 10 weeks thereby exerting a temporal effect. Small eggs 
might be expected to be produced at the end of the spawning season, i.e. the end of the 
survey (Hunter and Leong 1981, Hinckley 1990, McEvoy and McEvoy 1991, Le Clus 
and Malan 1995, Baynes and Howell 1996, Solemdal 1997, Riveiro et al. 2004, Llanos-
Rivera and Castro 2004, Berkeley et al. 2004, Kalmer 2005). This can't be corrected for, 
as the only means to accomplish that is to use more than one vessel to complete the 
survey, each starting at a different place which is not financially or logistically viable. 
The general survey cruise track from west to east probably also coincides with the 
migratory movement of adults, introducing the possibility of sampling some adults more 
than once. However, eggs spawned in the areas sampled can hatch up to four days after 
spawning, which makes the assumption valid that some of the adults in the vicinity 
spawned those eggs. An improved sampling method might be to obtain adults eggs from 
those fish that are about to spawn, which would give a direct correlation between adult 
size and condition and egg volume. Another option is to raise and spawn adults in 
captivity, but this has yet to be achieved in South Africa. 
6. Conclusions 
Egg volume varied spatially for round herring, anchovy and sardine, decreasing from 
west to east for all three species. Sea surface temperature (SST) had no significant effect 











effect on anchovy egg volume in 1998 and 2000 but not for 2001. For sardine, SST had 
no effect egg volumes sampled by the CalVET net for any of the years. On a larger scale 
SST showed a direct effect on egg volume for 1998 and 2001. Adult size did not 
influence round herring egg volume, anchovy egg volume, or sardine egg volume. 
Parental condition was unknown for round herring and may have been a contributing 
factor in determining egg volume, in conjunction with food availability. Parental 
condition had no effect on anchovy egg volume but had an effect in 2000 on sardine 
Cal VET sampled eggs. In addition to the three factors looked at, food availability and 
biomass were contributing factors that require further investigation. 
Due to small scale variability of a large number of parameters it is not possible to predict 
the effects of sea surface temperature (SST), adult size and condition on egg volume from 
year to year. At least some of these factors act in concert or alone to affect egg volume 
and thereby recruitment. When wanting to predict changes in egg size or determine the 
effects of physical and biological factors it is important to incorporate all factors affecting 
egg production, e.g. food availability and biomass. This study attempted to find 
relationships at sea which have been demonstrated in controlled laboratory studies 
conducted at small scales. The results have proved to be useful in identifying spatial and 
temporal patterns in egg volume, but were inconclusive in relating these to possible 
causal factors. Hence in order to have some predictive capacity it is desirable to collect 
data that can provide a clear, logical test of the predictions. This will probbaly necessitate 
dedicated at-sea studies on the appropriate time and space scales. In the meantime, it is 
important to continue monitoring these variables to try and identify events that are likely 
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